In an effort to define the nature of desiccation tolerance, a comparison of the water sorption characteristics was made between tissues that were resistant and tissues that were sensitive to desiccation. Water sorption isotherms were constructed for germinated and ungerminated soybean axes and also for fronds of several species of Polypodium with varying tolerance to dehydration. The strength of water binding was determined by van't Hoff as well as D'Arcy/Watt analyses of the isotherms at 5, 15, and/or 25°C. Tissues which were sensitive to desiccation had a poor capacity to bind water tightly. Tightly bound water can be removed from soybean and pea seeds by equilibration at 35C over very low relative humidities; this results in a reduction in the viability of the seed. We suggest that region 1 water (i.e water bound with very negative enthalpy values) is an important component of desiccation tolerance.
water by solutes which sorb to the surface of biomolecules and protect the hydrophilic environment through multiple hydroxyl groups (4, 5) .
A simple means of studying water binding by seed tissues involves the use of moisture isotherms (14, 22, 28, 29) . Isotherms from orthodox seeds possess a reverse sigmoidal shape characteristic of many macromolecules and indicative of three regions of water binding. These three regions have been classified by the strength with which water is bound and the nature of the binding site: water which is very tightly bound to ionic groups (region 1), weakly bound to polar, nonionic sites (region 2), and very weakly arrayed as bridges over hydrophobic moities (region 3) (23). We have found that a sampling of recalcitrant seeds form a simple hyperbolic moisture isotherm (14), indicating that the water binding differs between plant tissues that are intolerant vs. those that are tolerant to desiccation. This report will investigate the distinctive changes of moisture isotherms and of water binding characteristics with changes in desiccation tolerance.
The structure and role of cellular water have been topics of much attention (3, 12, 22, 23) . The term 'bound water' was coined to describe water which was associated with macromolecular surfaces, and which had thermodynamic and motional properties that were different from bulk water. While the importance of water in biological tissues is not debated, its role in the successful tolerance of desiccation is not well understood.
Water provides the hydrophilic and hydrophobic interactions which are essential for macromolecular structure. Water can affect the structural attributes of membrane lipids (5, 13) and nucleic acids (21) . Structural changes appear to occur at rather high hydration levels-about 0.20 to 0.40 g H20/g dry weight. Loss of water may also induce structural changes in proteins, although at much lower water contents (<0.08 g/g) and to a much smaller degree than those observed for lipid structural changes (3, 12, 17, 23) .
It has been suggested that bound water plays a pivotal role in the resistance of organisms to dehydration stresses (15) . Several researchers have found that there is more 'unfreezable' water in living tissue than in dead tissue (24, 27) , and death results when the 'vital water' is removed from the cell (27, 30 MATERIALS AND METHODS Sorption Isotherms. These were prepared for axis tissue of soybean, (Glycine max L. cv Williams '79) and three species of Polypodium ferns, P. polypodioides, P. pteropus, and P. vulgare. Soybean axis tissues (0.1-0.2 g) were equilibrated to a constant weight at 5, 15, and 25°C at relative humidities maintained by saturated salt solutions according to methods described previously (22, 28, 29) . Polypodium fronds (0.25 g) were equilibrated at 15°C only. In all cases, the isotherms were measured using desorption curves. Water content is expressed on a dry weight basis; the dry weights were determined by heating in a drying oven at 95°C for 5 d, a time sufficient to achieve a constant dry weight. Duplicate samples for each relative humidity station were found to vary by less than 0.0025 g H20/g dry weight.
Water binding characteristics were determined by two separate treatments of the sorption isotherms. Differential heats of sorption (enthalpy of water binding for a given water content), AH,, were determined through van't Hoff analysis of isotherms at 5 or 15 and 25°C using curvilinear interpolation of the data (28, 29 Seed Germination and Germination Assays. To obtain soybean axes with different degrees ofdesiccation tolerance, soybean seeds were rolled in paper towels and imbibed for 0 to 48 h at 23°C, after which they were redried over H2SO4 (25). Axis emergence was observed starting at 29 h. After the imbibition period, axes were dried and sorption isotherms were constructed. Leakage of proteins, measured at A280 nm, was used as a measure of the viability of the redried axes (25) or dried Polypodium fronds. Leakage experiments were performed three times.
Germination assays were conducted on pea and soybean seed after storage under various relative humidities at 5 to 35°C for 3 or 9 weeks. Seeds were then rolled in wet paper towels and incubated for about 90 h, after which germination parameters were scored. Vigor measurements are expressed as a germination index, the product of hypocotyl length and the percent germination. Fifty seeds were used per treatment.
RESULTS
Moisture sorption isotherms of ungerminated soybean axes exhibit the reverse sigmoidal-shaped curve characteristic of orthodox seeds (Fig. IA) while isotherms of soybean axes which had been germinated for 48 h and redried are hyperbolic (Fig.  1B) . The water contents of the germinated axes at very low relative humidities were fairly constant below about 0.10 g H20/ g dry weight, whereas moisture contents of the nongerminated axes fell substantially at the lowest humidity stations. The measured moisture contents were consistently higher for axes which had been germinated for more than 29 hours and then redried over H2S04, as shown in Figure 2 .
Calculations of differential enthalpy (differential with respect to water content), using isotherms ofungerminated soybean axes constructed at 15 and 25°C (Fig. 3A) , can be interpreted as showing three regions of water binding. They indicate very tight binding at moisture contents less than 0.09 g H20/g dry weight, intermediate binding at moisture contents between 0.1 1 and 0.23 g/g, and very weak binding at moisture contents greater than 0.25 g/g. In contrast, there appears to be no capacity for binding and even a repelling of water by germinated axes below 0.15 g H20/g dry weight (Fig. 3B) .
The negative values ofKand the near absence ofK' calculated for germinated axes (Table I) A similar trend exists in isotherms constructed for fronds of Polypodium species. P. polypodioides is a resurrection fern, capable of withstanding severe desiccation without apparent damage. P. pteropus is a tropical species (from the Cornell tropical plant collection), and is fairly intolerant ofdesiccation. P. vulgare is the native species in New York, which is not tolerant of desiccation. Isotherms of P. polypodioides exhibit the familiar reverse sigmoidal shape, while those of P. vulgare are hyperbolic; isotherms of P. pteropus are intermediate in shape (Fig. 4, A-C) .
The coefficient K calculated from the curve-fit to the D'Arcy/ Watt equation shows highest values for P. polypodioides, low for P. pteropus and negative for P. vulgare (Table II) . More primary sorption sites are calculated for P. pteropus than for P. polypodioides, and almost no sites are calculated for P. vulgare, the desiccation intolerant species.
Ifthe tightly bound water is essential for desiccation tolerance, a progressive loss of desiccation tolerance may be related to a progressive loss of water affinity. The strength of water binding in region 1 was therefore compared for soybean axes which had been germinated for different periods of time and then dried. Upon rehydration, the rate of solute leakage from the axes was used as a measure of viability. Leakage from axes increased slightly after seeds had been preimbibed from 0 to 29 h, and then increased rapidly as germination time exceeded 29 h (Fig.  5) . The increases in the rates of leakage occurred in the same treatments as those showing a lowering of the strength of water binding in region 1 (van't Hoff analysis) (Fig. SB) . These treatments also showed a loss of water binding sites in region 1 (K' values from the D'Arcy/Watt coefficient; Table III (25), we suggest that systems which have lost their tolerance to desiccation also have lost their capacity to sorb water tightly.
Parallel experiments were done with Polypodium; fronds were dried to <0.10 g/g, and then remoistened for measurements of leakage (Fig. 6) 
DISCUSSION
We have examined the water sorption characteristics of plant tissues with varying degrees of desiccation tolerance. In the desiccation tolerant condition, sorption isotherms followed the typical reverse sigmoidal shape (Figs. IA and 4A ) and fit the D'Arcy/Watt model of two different sorption sites plus a region of multimolecular sorption (6, 29). In the desiccation intolerant condition, the isotherms were more hyperbolic (Figs. lB and  4C ). Isotherms of a hyperbolic form have also been reported for recalcitrant seeds such as cacao and acorn (14) and for the polymer nylon (6). According to Langmuir sorption theory, these monotonic isotherms indicate that there is little or no contribution to the water absorption characteristics by the strong binding sites (1, 6). A comparable lack of strong water binding is seen in our measurements of the heats of sorption (Fig. 3 , Tables I-III) .
This interpretation ofthe data does not accommodate the high values of the water contents measured in desiccation-intolerant tissues which had been equilibrated at very low relative humidities: about 0.10 g H20/g dry weight for axes which had germinated 48 hours and then dried over H2SO4, and about 0.06 g/g for P. vulgare. We do not know why these high values occur, but suggest that they reflect an artifact from the dry weight determinations. Determinations of the water content of an absorbent are difficult because conditions which are severe enough to remove all of the water may also drive off tissue constituents thus lowering the measured dry weight of the sorbent. We chose to determine water content as the weight loss after heating tissue at 95°C for 5 d (until a constant weight was obtained). This method gives consistent results, but it produces apparent water (8, 16, 20) . The problems of absolute determinations of water content in relation to desiccation tolerance are avoided through the use of isotherms (Figs. 1 and 4) (Table II) . On the right is described the leakage rates of leaflets which were dried and then rehydrated. The error bars represent the standard deviation of three replicates. K from D'Arcy/Watt analyses (12) describe the disruption of protein crystals as tightly bound water is removed. Enzyme activity was observed to be irreversibly lowered when the proteins were stored under very dehydrating conditions prior to use (10). We have observed that P. pteropus is slightly desiccation tolerant: photosynthetic activity is recoverable if the leaves are not dried to moisture levels within region 1 (e.g. if RH remains above 50%) (data not shown), perhaps because the structural water is not removed. In soybean and pea seeds, removal of water in region 1 results in a progressive loss of viability (Table IV) . Equations describing the loss of viability at a given temperature assume that seed viability will be prolonged at lower water contents (7). However, the viability equations are reported to fail at moisture contents less than 0.05 g/g (7) and aging of seeds is reported to occur at a faster rate for various seed species at these low water contents (2, 9, 1 1). It has been suggested that biological materials which have been severely dried are more sensitive to auto-oxidations (22, 26) and to radiation-induced damage (18). Thus, if too much water is Leakage rate (A 280 /min/g) 
